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Intracellular sodium in proximal tubules of diabetic rats. Role of
glucose. Renal hypertrophy is a common consequence of diabetes
mellitus that precedes and possibly accounts for the increased glomer-
ular filtration rate. We have postulated that the glucose-mediated
increase in the intracellular concentration of sodium [Na]1 initiates the
chain of events leading to the increase in cell size and eventually cell
number. Experiments were conducted on Sprague-Dawley rats made
diabetic by the intravenous injection of 45 mg/kg body wt of streptozo-
tocin dissolved in a 5 m citrate buffer solution. Control animals were
injected with the vehicle alone. Ninety-six hours and 11 weeks later,
measurements of [Na]1 were done by NMR spectroscopy on suspen-
sions of proximal tubules, using dysprosium tripolyphosphate as an
extracellular shift reagent. At 96 hours after the induction of the
diabetes, there was a 60% increase in [Na]1 compared to control (P <
0.01). No further increase in [Na]1 was observed during the subsequent
II weeks of observation. Addition of ouabain (1.0 mM) resulted in a
fourfold increase in [Na]1 in tubules from control animals, and a 2.5-fold
increase in tubules from 96-hour diabetic rats. Ouabain-inhibitable
Na-K-ATPase activity was substantially higher in the renal tubules
of diabetic rats, the increase being proportional to that of [Na]1. In order
to ascertain the effect of hyperglycemia on [Na]1, proximal tubules
prepared from kidneys of normal and diabetic rats were exposed to low
(5 mM) and high (25 mM) concentration of glucose in the media. The rise
in glucose concentration resulted in a 52% increase (P < 0.001) in [Na]1
in proximal tubules of non-diabetic animals, whereas the increase was
only 11% (P > 0.2) in the 96-hour diabetics, and 5% (P > 0.2) in
Il-week diabetic rats. Based on these findings, it is reasonable to
propose that the rise in [Na]1 observed in the proximal tubules of
diabetic rats is due to increased filtered load of glucose that stimulates
the entry of glucose and Na into renal cells. The relationship between
the rise in [Na]1 and cell growth remains speculative, although an
association between these events has been documented consistently in
the literature.
The occurrence of renal hypertrophy in the early phase of
juvenile diabetes mellitus is a well established phenomenon [1,
2]. Studies performed on various animal models of diabetes
have also demonstrated an increased rate of renal growth
affecting particularly the proximal tubules [31. During the first
week of streptozotocin induced diabetes, the rate of renal
growth was found to be closely related to the degree of
hyperglycemia [4].
Despite the wealth of information regarding the descriptive
aspects of the renal hypertrophy of diabetes mellitus, little is
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known about the cellular mechanisms that result in the enlarge-
ment of the kidneys. One explanation offered is that the
increase in tubular size is consequent to the increase in glomer-
ular filtration rate (GFR) [5—71. Analysis of the pertinent data
available does not support this assumption. In fact, the opposite
appears to apply: at least in experimental diabetes mellitus, the
increase in kidney weight precedes by several days the rise in
GFR [8]. Cortes et al [9—12] have proposed that hypergluca-
gonemia is responsible for both diabetic renal hypertrophy and
glomerular basement membrane thickening. Recent experi-
ments with islet cell transplants cast some doubt on this
hypothesis, because the procedure corrected the metabolic
derangements and the renal hypertrophy but failed to reverse
the accumulation of glomerular basement membrane material
[13]. Growth hormone has also been implicated due to its
known effect on GFR [14]. Yet, administration of growth
hormone for four days failed to increase the weight of rat kidney
[15]. The role of vasoactive substances, such as prostaglandins
or catecholamines, in the hypertrophy of diabetes mellitus was
ruled out by experiments in which propranolol or indomethacin
administration failed to affect the renal hypertrophy of diabetic
rats [16].
During the last few years, increased attention has been paid
to factors related to glucose overutilization, particularly by
tissues not requiring insulin for the transport of glucose; non-
enzymatic glycosylation of proteins is becoming recognized as
a cause of many complications of diabetes [17]. In the renal
tubule, entry of glucose into cells occurs via a glucose-Na
symporter which is dependent on the active extrusion of Na
through the basolateral cell membrane [18]. The existence of a
direct relationship between glucose and Na reabsorption has
been demonstrated repeatedly in isolated rat kidneys [19],
perfused proximal convoluted tubule of rabbit [20], and in
microperfused proximal tubules of rats [21]. In diabetes mdli-
tus, an enhanced glucose absorption was first observed in the
intestine [22], the only other organ system in addition to the
kidney that undergoes hypertrophy in diabetic subjects and
shares with the kidney the ability to transport glucose in the
absence of insulin [23]. By contrast, infants of diabetic mothers
have visceromegaly involving the placenta, heart, liver, spleen
and adrenals whereas their gut and kidneys were not enlarged
[24]. The visceromegaly can be reproduced by hyperinsuline-
mia, even in the presence of euglycemia [25]. Thus, in eugly-
cemic hyperinsulinemia, hypertrophy is noted only in organs
dependent on insulin for glucose transport [26]. The common
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denominator underlying the organomegaly observed in these
markedly disparate clinical circumstances appears to be the
increase in the rate of glucose transport. It is therefore reason-
able to surmise that the increase in the transport rate of glucose
across the brush border membrane may trigger the chain of
events leading to cellular hypertrophy and hyperplasia.
The increased glucose reabsorption may affect cell growth by
increasing the supply of substrate needed for anabolism, via
gluconeogenesis [27] and the hexose-monophosphate shunt
[28]. However, studies in dogs and rats have demonstrated that,
in the kidney, the filtered glucose is transported directly from
the tubular fluid to the peritubular capillary without affecting
the intracellular metabolic cycle [29, 30]. The alterations in
renal metabolism noted in the diabetic animals [17] are probably
part of the general response to the metabolic derangements
occurring in diabetes. This assumption is supported by the fact
that gluconeogenesis was found to be increased in renal cortical
slices obtained from alloxan diabetic rats that were acidotic, but
not from diabetic animals treated with sodium bicarbonate [31].
Based on this information, we postulate that glucose reabsorp-
tion facilitates the access of another substance (or substances)
into the cells that sets in motion the changes responsible for cell
growth and proliferation.
There is ample evidence favoring the notion that changes in
intracellular concentration of certain cations can have an effect
on cell growth and division. When serum is used as a stimulus
of cellular growth in vitro, there is a rapid influx of Rb into
cells that precedes DNA synthesis [32]. Malignant cells have
been found to have markedly higher (—3.5-fold), and rapidly
dividing normal cells moderately elevated (— 1.5-fold), intracel-
lular sodium activities compared to normal resting cells [33].
The growth and proliferation observed in response to various
growth stimulators is characterized by increased Na ion influx
[34] and is blunted by amiloride, an inhibitor of sodium entry
into cells [35]. These findings have prompted us to consider that
an increase in the intracellular concentration of Nat, rather
than the increase in glucose transport per se, may initiate the
renal hypertrophy of diabetes mellitus.
Methods
Sprague-Dawley rats weighing 250 to 350 g were fed a normal
commercial diet and were given water ad libitum. Diabetes was
induced by the intravenous injection of 45 mg/kg body wt of
streptozotocin (Sigma, St. Louis, Missouri, USA), dissolved in
5 mM citrate buffer solution, pH 4.5 [36]. Control animals were
injected with the vehicle alone. Ninety-six hours and 11 weeks
after streptozotocin administration, animals were weighed, and
blood for glucose measurements was collected from the tail vein
in heparinized tubes. Rats were then anesthetized with mactin
(90 mg/kg body wt). The abdomen was opened and a PE 10
catheter was introduced into the aorta above the renal arteries.
The kidneys were perfused with a normal NaCI solution,
quickly excised and placed immediately in chilled Ringer's sol
previously gassed with 95% 02/5% CO2 for 20 to 30 minutes,
and containing in m concentration: NaCI 115, KCI 4.0,
NaHCO3 25.0, MgC12O.l, CaCI22.3, NaH2PO44.0, glucose 5.0,
DL-lactate 1.0, L-a!anine 1.0, at pH 7.4. Cortical slices were
prepared and digested with collagenase (Worthington, Free-
hold, New Jersey, USA), 1.5 mg/mI in Ringer's so! at room
temperature for 60 minutes. Proximal tubule suspensions were
prepared by a method developed in our laboratory [37]. Mor-
phologic integrity of the tubules was tested by light microscopy
and their viability was checked by trypan blue exclusion [37].
Four rats were used in each experiment for the measurements
of [Na], and one to two rats for each measurement of Na-K-
ATPase.
Measurements of intracellular 23Na by NMR
One ml of tubule suspension was mixed with 10 times its
volume of Ringer's sol containing 4 m dysprosium tripoly-
phosphate and was incubated for 30 minutes either at 22° or at
37°C in 50 ml siliconized flasks to allow equilibration of the shift
reagent throughout the extracellular space. Oxygenation and
gentle stirring were maintained throughout the incubation pe-
riod. Tubules were then concentrated by low speed centrifuga-
tion for 15 to 30 seconds and transferred to the NMR tube. The
preparations had a cell density of 15 to 25%. Spectra were
obtained at 53 MHz on a Varian XL-200 FT NMR spectrometer
using a spinning sample. The spectra were accumulated with an
acquisition time of 0.2 seconds (T1 <40 ms) following 90° pulses
over an interval of three minutes. The intensity of the NMR
signals was measured by integration of the area under the
resonance peak using either Varian software or by hand using a
planimeter. Both methods yielded similar results. Fractional
extracellular space (S01) was estimated from the ratio of the
size of 23Na signal recorded from the tubule suspension (A01) to
that of the medium alone (As). Intracellular sodium [Na]1 was
then calculated according to the formula:
Sout = Ao1iAo and
[Na],
(1)
(2)
where [Na], is in m or smol/ml cell H2O, A1 is the measured
intensity of the intracellular 23Na signal and W is the fractional
water content of the tissue. The water volume/total tissue
volume (W) used in equation 2 was 0.76, a value measured by us
in proximal tubule cells by NMR techniques [38].
Effect of 25 m glucose on [Na],
To study the relationship between glucose concentration in
the media and [Na]1, tubule suspensions from control and
diabetic rats were incubated at 37°C for 15 minutes in media
containing 5 or 25 m glucose. Tubules were then concentrated
and transferred to the NMR tube for measurement of [Na]1.
Effect of ouabain on [Na]1
In order to determine the contribution of Na-K-ATPase to
the changes in [Na]1, tubule suspensions from control and
diabetic rats were incubated in presence of either 0.1 m or 1.0
mM ouabain for one hour at 37°C. Tubules were subsequently
incubated for 30 minutes at 37°C in Ringer's sol, and, after a
brief centrifugation to obtain a 15 to 25% cell density, they were
transferred to an NMR tube. Spectra were recorded as de-
scribed above.
Measurements ofNatKATPase
Na-K-ATPase was measured in membrane fractions pre-
pared from proximal tubule suspensions of normal and diabetic
rats by the method developed by Katz and Epstein [391. The
tubule suspension in Ringer's so! was rinsed once with buffer
794 Kunar ci a!: Intracellular Na + in diabetes melliius
Table 1.
BW g KW g KW/l00 g BW
P gluc
mg/dl
Control 293.9 7.3 (23) 2.47 0.1 (23) 0.83 2.6 (23) 106.0 4.1 (23)
Diabetic 96 hrs 308.0 7.9 (41) 2.99 0.1 (40) 0.96 2.3 (36) 438.0 20.5 (31)P >0.5 <0.01 <0.001 <0.001
Control 391.2 12.5 (7) 3.30 0.2 (7) 0.85 1.4 (7) 102.5 3.7 (7)
Diabetic II wks 375.0 16.5 (34) 4.03 0.1 (34) 1.14 3.1 (34) 420.7 20.0 (30)P <0.2 <0.01 <0.001 <0.001
All values are expressed as means SEM.
Abreviations are: P gluc, plasma glucose; BW, body weight; KW, kidney weight (both kidneys). ( ), number of animals; P. different from
respective control.
containing 0.25 M sucrose, 0.003 M histidine, 0.005 M EDTA,
pH 7.2, and homogenized in 10 times their volume in the same
buffer containing 0.1% deoxycholate. The homogenate was
centrifuged at 10,000 x g for 30 minutes. The pellet was
suspended in half the original volume of buffer, homogenized
and centrifuged again at 10,000 x g for 15 minutes. Supernates
from both centrifugations were pooled and centrifuged at
100,000 x g for one hour. The pellet obtained was suspended in
1.0 ml sucrose-histidine-EDTA buffer, pH 7.2, and stored at
—70°C until used. Total Na-K-ATPase activity was deter-
mined by incubating a mixture containing 0.1 ml enzyme, and
(mM) 100 NaCl, 20 KCI, 3 MgCI2, 30 histidine, pH 7.4, in a total
volume of 1.0 ml. Ouabain (2 mM) was added to inhibit
Na-K-ATPase activity. The tubule membranes were prein-
cubated for 10 minutes at 37°C. The reaction was started by the
addition of 3 mrvt solution of Tris-ATP and carried out for 30
minutes in a shaking water bath. The reaction was stopped by
the addition of I ml of 10% solution of trichloroacetic acid. The
precipitated protein was discarded after centrifugation and
inorganic phosphorus was measured in the supernate by the
method of Fiske and Subbarow [40]. The optical density was
read at 660 nm with a Zeiss PMQ II spectrophotometer. Protein
was assayed according to the method of Lowry et al [41] using
crystalline bovine serum albumin as standard. The assay was
run in duplicate. Appropriate blanks containing only the sub-
strate or enzyme were also run in duplicate. Na-K activated
ATPase was determined by subtracting the enzyme activity
obtained in presence of ouabain (Mg2-ATPase) from the total
enzyme activity obtained in the absence of ouabain. The results
were expressed as moles of inorganic phosphorus released per
hour per mg of protein (hrmg' protein). Statistical analysis
was done by the unpaired t-test.
Results
The tubule suspensions contained almost exclusively proxi-
mal tubule segments which were distinguishable by their yel-
lowish color and rough structure. The tubules from rats that had
diabetes for II weeks appeared larger in diameter than those
from rats that were diabetic for only 96 hours and those
obtained from normal rats, when viewed under the same
magnification. Trypan blue was excluded by greater than 98%
of the tubules from both control and diabetic rats in each
preparation used for the study.
At 96 hours after streptozotocin administration, body weights
of control and diabetic rats were not significantly different (P>
0.5), but there was a 21% increase in kidney weight (2.47 0.1
5 0 —5 —10
Fig. 1. Representative 23Na NMR ,spectra of renal proximal tubules at
53 MH and 22 1°C of control (lower tracing) and 11 week diabetic
(upper tracing) rats. The inserts represent a 5-fold magnification of the
[Na]1 resonance. The [Na], resonance is larger in the tubules of diabetic
rats.
vs. 2.99 0.1, P <0.01) (Table I). After 11 weeks of diabetes,
body wt increased by 28% (P < 0.001) while kidney weight
increased by 63%, (2.47 0.1 vs. 4.03 0.1 g, P < 0.001).
When the kidney wts were expressed per 100 g body wt the
increase was 15% and 31%, after 96 hours and 11 weeks of
diabetes, respectively. The plasma glucose concentration (mg/dl)
increased fourfold by 96 hours (from 106.0 4.1 to 438.2
20.5, P <0.001) and remained at that level (420.7 20.0) at 11
weeks of diabetes.
The peaks representing intracellular Na were readily iden-
tifiable both in normal and diabetic rat proximal tubules (Fig. 1).
The signal-to-noise ratio of the 23Na spectra was adequate to
23Na00,
23Na1
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Fig. 2. Intracellular Na concentrations measured by NMR speciros-
copy in suspensions of proximal tubules obtained from normal rats and
rats with streptozotocin-induced diabetes. Spectra were obtained at 53
MHz with an acquisition time of 0.2 sec (T1 < 40 ms) following 900
pulses over an interval of 3 mm, at room (22°C) and body (37°C)
temperatures. Differences between control and diabetic rats are signif-
icant (* = p < 0.01). Symbols are: () control; () diabetic 96 hours;() diabetic II weeks.
Table 2. Intracellular 23Na concentration (mM) in proximal tubules of
rats incubated at 37°C in the absence and the presence of ouabain
Absent 0.1 mss 1 .0 mM
Control 18.7 1.4 (6) 30.9 2.9 (4) 62.7 4.5 (4)
Diabetic 96 hrs 29.9 1.6 (6) 50.0 5.7 (4) 70.3 7.2 (4)
P <0.001 <0.001 >0.3
All values are expressed as means SEM. ( ), number of experi-
ments, P different from controls.
allow precise quantitation of intracellular Nat. The [Na] in the
proximal tubules of control and diabetic rats are shown in
Figure 2. At 22°C [Na]1 was 34.6 1.6 m in control and 47.7
1.8 and 42.0 1.6 mrvi (P <0.01) in tubules of diabetic rats
examined 96 hours and II weeks after the injection of strepto-
zotocin. A similar pattern of [Na]1 was obtained at 37°C: 18.8
1.1 mM in control vs. 29.8 1.6 mrt (P < 0.01) after 96 hours
and 30.6 1.2 mri (P < 0.01) after II weeks of diabetes.
Addition of ouabain (0.1 or 1.0 m, Table 2) resulted in a two-
and fourfold increase in [Na]1 in control tubules and a 1.5- and
2.5-fold increase, respectively, in the tubules of 96 hours
diabetic rats. There was no significant difference between the
[Na]1 values observed at 96 hours and 11 weeks of diabetes. The
difference in [Na]1 between tubules from control and experi-
mental animals observed in the presence of 0.1 mt'vi ouabain
almost disappeared (P > 0.3) when the concentration of oua-
bain was increased to 1.0 mM.
In order to ascertain the independent roles of hyperglycemia
and of the "diabetic state" on [Na]1, proximal tubules prepared
from kidneys of normal and diabetic rats were exposed to a
physiologic (5 mM) and a high (25 mM) concentration of glucose
in the media (Table 3). The rise in glucose concentration
resulted in a 52% increase (P < 0.001) in [Na]1 in proximal
Table 3. The effect of glucose concentration in the media on the
intracellular 23Na concentration (mM) in proximal tubules of the rat
5mM 25mM Pb
Control 18.4 1.3 (7) 27.9 0.7 (4) <0.001 52
Diabetic 96 hrs 29.9 1.6 (6) 33.2 1.9 (5) >0.2 II
<0.001 <0.05
Diabetic II wks 30.6 1.2 (6) 32,2 2.8 (5) >0.2 5P <0.001 >0.2
All values are expressed as means SEM. ( ), Number of experi-
ments.
0 Comparison between tubules from control and diabetic animalsb Comparison between values obtained with 5 and 25 m glucose in
the media
Table 4. ATPase activity (mol ' hr' mg' protein) in the proximal
tubules of diabetic rats
Na-K-ATPase Mg2-ATPase
Control 32.4 1.9 (8) 25.5 1.2 (8)
Diabetic 96 hrs 49.3 1.3 (7) 35.3 2.8 (7)
P <0.01 <0.01
Diabetic 11 wks 52.5 1.5 (7) 25.3 1.4 (7)
P <0.001 >0.2
), number of measurements, P. different from control.
tubules of non-diabetic animals whereas the increase was only
11% (P > 0.2) in the 96 hours diabetics, and 5% (P > 0.2) in II
weeks diabetic rats.
Ouabain-inhibitable Na-K-ATPase activity (Table 4) was
substantially higher in the renal tubules of diabetic rats than in
those of controls. The increases in Na-K-ATPase of 52% and
62% after 96 hours and 11 weeks of diabetes, correlate well with
the increases in [Na], of 59 and 63%, respectively. A significant
increase in Mg2tATPase was also observed after 96 hours of
diabetes but it subsided by II weeks.
Discussion
The results of these studies demonstrate that the renal
hypertrophy of diabetes mellitus is associated with increased
[Na]1 in proximal tubule cells. The rise was already apparent at
96 hours after the induction of diabetes and was accompanied
by a proportional increase in Na-K-ATPase. During the
subsequent 11 weeks of observation, there was no substantial
change either in [Na]1 or in Na-K-ATPase activity, reflecting
a newly reached steady state. The substantial rise in Na-K-
ATPase activity also indicates that the increase in [Na]1 was not
due to an inhibitory effect of diabetes on the Na pump, but
rather to increased Na influx into the cells. Further evidence
supporting this interpretation can be found in the study by
Khadouri, Barlet-Bas and Doucet [42]. Those investigators
have found that the increase in the proximal tubule Na-K-
ATPase observed in rats with streptozotocin induced diabetes
occurs concomitantly with a very large increase in urine flow,
but in the absence of change in sodium excretion. They rea-
soned that the osmotic diuresis had to decrease the passive
paracellular reabsorption of sodium and that, therefore, active
reabsorption had to be enhanced for the excretion of sodium to
remain constant.
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Moore, Munford and Pillsworth [43] have detected an in-
crease in chemically measured [Na]1 in soleus muscle of dia-
betic rats, a tissue that, unlike the renal tubule, cannot transport
glucose in the absence of insulin. However, unlike proximal
tubule cells, the muscle cells had lower than normal levels of
Na-K-ATPase leading these authors to conclude that the rise
in [Na]1 was secondary to a decrease in the activity of the Na
pump. Conversely, addition of insulin to isolated rat soleus and
frog sartorius muscle was associated with increased Na efflux
[44, 45] and addition of insulin to membrane fragments isolated
from frog skeletal muscle increased Na-K'-ATPase activity
[46]. It is possible that these responses were not shared by all
tissues dependent on insulin for glucose transport. NMR stud-
ies of mammalian cardiac myocytes have revealed a lower [Na]1
when these cells were incubated for several hours in an insulin
deficient media than when they were incubated in the presence
of the hormone [47]. If the intracellular concentration of Na is
elevated in diabetes both in the muscle and in the kidney, then
one would have to postulate that events other than, or in
addition to, the change in [N a]1 account for the different growth
rates of these structures in diabetic subjects. One possibility is
that the Na-K-ATPase deficiency in the muscle [43] affects
the metabolic events leading to protein synthesis. The opposite
would hold true for the kidney. Support for this hypothesis may
be found in the observation that growth of malignant cells is
blunted by ouabain [48], an inhibitor of Na-K-ATPase. The
concomitant increase in Mg2-ATPase observed by us in kid-
neys from diabetic animals was probably associated with in-
creased protein synthesis. This is consistent with the return of
the enzyme levels to normal by II weeks of diabetes, when the
hypertrophy of the kidney has virtually ceased.
Evidence that the increased [Na]1 is due to the increase in the
filtered load of glucose, rather than to the diabetic state per se,
is derived from the experiments in which we exposed the
tubules to media containing either 5 or 25 mri of glucose. The
high glucose concentration resulted in an increase in [Na]1 in the
tubules obtained from control animals to values similar to those
observed when measurements were made in tubules obtained
from diabetic rats exposed to a media containing only 5m of
glucose. However, in the tubules obtained from diabetic ani-
mals there was no significant decrease in [Na]1 when the
concentration of glucose in the media was within the physio-
logic range, This indicates that the tubules of diabetic animals
were adapted and thus geared towards maintaining a high [Na]1
even in the presence of a low extracellular concentration of
glucose. These results appear to contradict those of Harris,
Brenner and Seifter [49] who reported that Nat-dependent
glucose transport is diminished, compared to controls, in brush
border membrane vesicles obtained from rats with streptozo-
tocin induced diabetes. Because there was no difference be-
tween diabetic and non-diabetic animals in regard to either the
concentration of, or affinity to, phlorizin binding sites, the
authors speculated that the decrease in glucose uptake ob-
served in vesicles prepared from diabetic animals was due to
alterations in the mobility of the transporter in its lipid domain.
If this is, indeed, the case, one may assume that in tubules of
diabetic rats the glucose-coupled influx of Na is already
saturated at S m glucose, due to a decrease in the Km for
glucose (in contrast to phlorizin) or to the increase in [Na]1 [50].
Alternatively, the observations of Harris et al [49] may be
consequent to the larger amount of streptozotocin their animals
received (60 mg/kg body wt compared to 45 mg/kg body wt in
our study); the rats lost weight and were ketotic, features
indicative of a severe catabolic state that could have interfered
with the ability to increase the number or the turnover rate of
the carriers. That this may be the case is indicated by the
observation that cycloheximide, an inhibitor of protein synthe-
sis, was found to obliterate the enhancing effect of glucose
infusion on intestinal Na transport [51].
Based on our findings, it is reasonable to propose that the
increased filtered load of glucose that occurs in diabetes melli-
tus stimulates the entry of glucose and Na into the renal cells
resulting in an increase in [Na]1. The relationship between the
rise in [Na]1 and cell growth remains, at this time, speculative.
The increase in [Na]1 may determine the discharge of Ca2 from
intracellular stores into the cytosol [52] and may inhibit the exit
of Ca2 through the Na-Ca2 antiport [53, 54]. The rise in the
concentration of 2f has been shown to contribute to the
activation of protein kinase C [55]. This enzyme activates, at
least in certain cell types, the Na-H exchanger [56]resulting
in the alkalinization of the cell interior [57]. Experiments
performed in cell cultures have demonstrated that these events
result in the rapid expression of a set of proto-oncogenes that
code for DNA binding proteins [58]. These proteins, by un-
known mechanisms, prepare the cell for DNA replication.
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